Photoelectric heating-heating of dust grains by far-ultraviolet photons-has long been recognized as the primary source of heating for the neutral interstellar medium 1 . Simulations of spiral galaxies 2 have shown some indication that photoelectric heating could suppress star formation; however, simulations that include photoelectric heating have typically shown that it has little effect on the rate of star formation in either spiral galaxies 3,4 or dwarf galaxies 5 , which suggests that supernovae are responsible for setting the gas depletion time in galaxies [6] [7] [8] . This result is in contrast with recent work 9-13 indicating that a star formation law that depends on galaxy metallicity-as is expected with photoelectric heating, but not with supernovae-reproduces the present-day galaxy population better than does a metallicity-independent one. Here we report a series of simulations of dwarf galaxies, the class of galaxy in which the effects of both photoelectric heating and supernovae are expected to be strongest. We simultaneously include spaceand time-dependent photoelectric heating in our simulations, and we resolve the energy-conserving phase of every supernova blast wave, which allows us to directly measure the relative importance of feedback by supernovae and photoelectric heating in suppressing star formation. We find that supernovae are unable to account for the observed 14 large gas depletion times in dwarf galaxies. Instead, photoelectric heating is the dominant means by which dwarf galaxies regulate their star formation rate at any given time, suppressing the rate by more than an order of magnitude relative to simulations with only supernovae.
; the other set uses 1 kpc, which is towards the low end of the observed field dwarf range. For a galaxy with an H i mass of 10 8 M ⊙ , and assuming an exponential H i profile, the observed relation 21 between H i mass and H i size suggests an H i scale-length of about 1.9 kpc.
To understand how supernovae and photoelectric heating each contribute to the evolution of these galaxies, we perform a straightforward numerical experiment. We run a fiducial simulation, starting from initial conditions with a 5-kpc gas scale-length, that includes supernovae and photoelectric heating, and simulations for which each of these effects is turned off in turn. We refer to these as the 'SN + PE' , 'PE only' , 'SN only' and the 'no feedback' simulations. We also run the 'SN + PE' , 'PE only' and 'no feedback' cases for initial conditions with a 1-kpc scale-length. The simulations with supernovae also include pre-supernova stellar feedback from winds and H ii regions. For the 5-kpc case, we re-run the simulations of the four feedback models at three maximum spatial resolutions: 10 pc, 5 pc and 2.5 pc. These resolutions are high enough, and the typical densities in which supernovae explode in these simulations are low enough, that our simulations do not suffer from the overcooling problem 22 , whereby poorly resolved simulations overestimate the rate at which supernova-heated gas cools (see Extended Data Fig. 1 ). We focus first on the 10-pc-resolution simulations with the 5-kpc initial conditions, because we ran these for the longest time. In Methods, we compare all our simulations to the higher 3 National Center for Supercomputing Applications, University of Illinois, 1205 West Clark Street, Urbana-Champaign, Illinois 61820, USA. 4 Center for Astrophysics and Planetary Sciences, Racah Institute of Physics, The Hebrew University, Jerusalem 91904, Israel. 
Figure 1 | The morphology of the gas. For each of the simulations, the surface density after 90 Myr of evolution, starting from initial conditions with a 5-kpc scale-length, is integrated between ±200 pc in the y dimension (top panels) and in the z dimension (bottom panels). The morphology of the disk is essentially determined by the presence of supernovae, despite the fact that the 'PE only' and 'PE + SN' runs have nearly identical star formation rates (Fig. 2) . The star formation rate in the 'SN only' simulation is an order of magnitude higher than that in the 'PE + SN' simulation, which is why the outflow and the disruption of the cold disk are more striking in the former. We find that all of the simulations follow a similar initial transient behaviour. The gas disk cools from its centre outwards, causing the disk to collapse vertically. Stars form first in the centre, then further and further out. The central region of the galaxy after 90 Myr is shown (with the aid of the yt package 23 ) in Fig. 1 , for each of the feedback models. In terms of large-scale morphology, the supernovae have the most noticeable effect, driving large outflows with mass loading factors of the order of 10. Photoelectric heating slightly alters the global structure of the gas, but the two simulations without supernovae look quite similar. Figure 2 shows the star formation rates and depletion times as a function of time for each of the four feedback models. Each simulated galaxy experiences an initial transient period as the gas collapses from its initial state; however, the subsequent instantaneous star formation rates and depletion times of the galaxies are markedly different depending on whether photoelectric heating was included or not. By contrast, two simulations that differ only in their inclusion of supernova feedback result in similar depletion times. This immediately shows that photoelectric heating, not feedback from supernovae, is primarily responsible for the long depletion times observed in dwarf galaxies. Supernovae, or even a lack of photoelectric heating, can result in low star formation rates in the long run by rapidly ejecting gas or by locking gas into stellar remnants, respectively. This can be seen in the central kiloparsecs of the simulations without photoelectric heating: the star formation rate decreases in this region, but the depletion time is relatively unaffected. Only the simulations including photoelectric heating produce depletion times in reasonable agreement with the large values frequently observed in dwarf galaxies, as illustrated in Extended Data Fig. 2 .
We also check the dependence of our results on the gas scale-length. In Fig. 2 , the thin lines show the results for our simulations with a 1-kpc gas scale-length. We find that the more compact galaxies have higher star formation rates and shorter depletion times than do less compact galaxies, which explains the wide range of depletion times visible in the observational data. However, even for the 1-kpc simulations we find that the star formation rate is virtually unaffected when supernovae are disabled while keeping photoelectric heating active. By contrast, disabling photoelectric feedback causes the depletion time to decrease by an order of magnitude, to values that are inconsistent with the observed sample. This indicates that photoelectric heating, not supernovae, regulates star formation over a wide range of gas surface density in dwarf galaxies, and not just in the potentially extreme 20, 24 , nearly starless dwarf galaxies.
The means by which photoelectric heating suppresses star formation in our simulations is simple and intuitive. When a new star cluster is formed in the simulation, its most massive stars will emit photons with energies of 8-13.6 eV. These photons dominate the heating rate, owing to the grain photoelectric effect, because they have energies high enough to liberate electrons from dust grains, but low enough not to be absorbed by intervening neutral hydrogen (Fig. 3) . The heating rate in the vicinity of a newly formed star increases the equilibrium temperature of the gas at fixed pressure or density. This in turn increases the Jeans mass of the gas and makes star formation more difficult (Fig. 4) .
We conclude that the physics responsible for setting the instantaneous star formation law in dwarf galaxies-that is, the depletion timeis nearly independent of the physics determining the properties of the outflows. Ultimately young stars are responsible for photoelectric are reproduced when photoelectric heating and supernova feedback are both included ('PE + SN' , black lines). Turning off supernova feedback has almost no effect (compare the red and black lines), which implies that photoelectric heating alone is responsible for the long depletion times in the simulations. More compact galaxies (1-kpc initial scale-length; thin lines) have higher star formation rates and shorter depletion times than do less compact galaxies (5-kpc initial scale-length; thick lines), but, as in the extended case, photoelectric heating remains the dominant effect. Figure 3 | The photoelectric heating rate. Every young star particle in the simulation produces far-ultraviolet radiation. The flux from all of these stars is summed in each cell (see Methods), yielding the volumetric heating rate Φ/n H shown here. Given the low surface density of young stars, this distribution is highly inhomogeneous. The low metallicity and small size of the galaxy means that the mean free path of the far-ultraviolet photons is large, so the flux from each star and, hence, the heating rate falls off as r −2 from each source (where r is the radial coordinate).
heating and supernovae, but it is the moderate, local, instantaneous, volumetric heating of the former that controls the depletion time. Supernovae, despite their ability to eject mass from the galaxy at a rate larger than the star formation rate, are unable to shut down star formation locally and instantaneously. In the long run, even though dwarf galaxies have 10-100 Gyr depletion times, large mass loading factors mean that the timescale on which gas is lost from the interstellar medium is shorter-between 1 Gyr and 10 Gyr-implying that these galaxies may be in equilibrium between gas inflow and star formation plus outflows [25] [26] [27] . Therefore, the star formation rate in these galaxies would ultimately be set by the value of the mass loading factor, whereas the mass of gas in the interstellar medium would be set by the depletion time. In turn, the mass loading factor is set by supernovae and the depletion time by photoelectric heating. 
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MethOds
Our simulations follow the evolution of an isolated dwarf galaxy for approximately 100 Myr using the adaptive mesh refinement code Enzo 16 . We use a piecewiseparabolic mesh hydrodynamics solver, with an HLLC Riemann solver to follow the motion of the gas. The gravitational potential is computed on the same mesh used to solve the hydrodynamics. Dark matter and stars are included as collisionless particles acting independently of the hydrodynamics, except when new particles are formed or existing particles inject mass, metals and energy back into the gas according to our feedback model.
We use the same sort of initialization as in previous work 28 , although with parameters appropriate for a dwarf galaxy. In particular, we create a set of stellar and dark matter particles with the MakeGalaxy code 29 . The density of a stellar disk and bulge are pre-specified, and their velocities are set so that the galaxy begins in approximate Jeans equilibrium. The dark matter has an initial Hernquist profile. We use a halo mass of 10 10 M ⊙ , a concentration of 10, a spin parameter of 0.04, a stellar mass of 10 7 M ⊙ and a stellar scale-length of 300 pc. We initialize the density of the gas disk as a function of cylindrical radius r and height z according to
where ρ 0 is a normalizing constant chosen to set the initial gas mass of the disk, r d is the scale-length and H is the scale-height. Equation (1) applies until the putative disk pressure ρ d T d (where T d is the temperature of the disk) falls below the halo pressure ρ h T h , at which point the density and temperature of each cell are set to those of the halo, ρ h and T h , respectively. Although, ρ d is spatially dependent, ρ h , T d and T h are all taken to be constant. In these simulations we set T h = 10 6 K, These initial conditions are chosen to minimize the time the disk spends in its initial collapse phase and the influence of the galactic halo on the dynamics. In particular, at this temperature the halo does not monolithically cool onto the galaxy over the timescale on which the simulation is run.
These initial conditions are evolved under the influence of hydrodynamics, gravity and cooling, with additional subgrid prescriptions for the creation of new star particles and feedback from young stars, specifically stellar winds, type II supernovae and a rough treatment of heating from photoionization. We also include a prescription for self-consistently calculating the volumetric heating rate from the grain photoelectric effect. Feedback. Our feedback prescription is designed to avoid the ad hoc modifications to the physics that are typically necessary to produce feedback strong enough to affect the properties of the galaxy. Our goal is to show that none of these modifications is necessary to have effective feedback at sufficiently high resolution. The basic physical picture is that once the adiabatic radius of the supernovae can be resolved, they will expand in a somewhat realistic way, rather than immediately losing all their energy to the cell, as in the famous overcooling problem 22 . When each star particle is formed in the simulation with initial mass M p , we draw a number from a Poisson distribution to determine how many type II supernovae will be produced by the particle. The rate parameter of this Poisson distribution is taken to be λ = 1,104M p /(10 For each supernova produced, we next draw a number from the delay-time distribution of type II supernovae, again determined from the output of Starburst99. This is essentially just the convolution of the lifetime of massive stars with the initial mass function. At the hydrodynamical time step during which the supernova explodes, we add 10 51 erg to the internal energy of the cell in which the supernova resides. The mass of ejecta and its metallicity are also determined from the Starburst99 output, and are fit to piecewise-polynomial functions for use in Enzo. To ensure that the supernova goes off on the highest level of refinement in the simulation, we make the star particles 'must refine' if the particle has any supernovae remaining in its future. This means that the cells containing such particles are marked for refinement to the highest resolution level, guaranteeing that they, and at least the surrounding two cells in each direction, will be on the highest resolution level.
In addition to the energy from the supernovae added to the cell at the appropriate time step, we also add energy to the cell before the supernova itself. From the delay time for each supernovae, we infer the mass of the star that will be exploding, from which we can estimate the total ionizing luminosity for the particle by adding up the contribution from every massive star that has yet to explode in that particle. Given an ambient density, that is, the density in the surrounding gas cell, we may then estimate the volume of gas that can be ionized by the calculated luminosity, as in the standard Strömgren analysis. If this volume is larger than the cell, and the cell has a temperature below 10 4 K, internal energy is added to the cell to set the temperature to 10 4 K. The cell is not modified by this photoionization prescription if its temperature is above 10 4 K. For cells with Strömgren volumes smaller than the cell volume, we compute the internal energy of the Strömgren sphere and compare it to the internal energy across the entire volume of the cell. If the whole cell has less internal energy than the Strömgren sphere alone, then we add internal energy to the cell to make the two equal; otherwise we do nothing.
This treatment of photoionization feedback is extremely conservative. In the limit of small cell sizes or low densities, we may vastly underestimate the size of the H ii region, because only one cell will be at 10 4 K. In the limit of high density or large cells, the total energy being injected into the gas is also conservative, in that the energy of the cell is changed only if the entire internal energy of the cell is smaller than the internal energy associated with the Strömgren sphere on its own.
In addition to photoionization, we include feedback from stellar winds. Once again we rely on Starburst99 to compute the wind luminosity, with several small modifications. The specific energy of the wind is taken from Starburst99 only when the particle will in the future experience a supernova from the death of a star with a delay time less than 10 Myr. If no such supernovae will explode in the future, then the cell still loses mass to winds, but their specific energy is set to (10 km s One additional change we make to the specific energy of the wind occurs right at the beginning of the life of the star particle. During this time, the most massive stars in the population drive extremely hot winds, exceeding 10 9 K. When the outflowing winds dominate the material in a single cell, as sometimes happens in our simulations, this high temperature can substantially slow down the simulation and cause other numerical problems associated with a high density contrast. To ameliorate this issue we cap the wind specific energy at 10 8.5 K. We keep the total wind energy injected constant by slightly increasing the mass lost during this time. This changes the total mass returned by only a tiny amount because this phase is so short.
Extended Data Fig. 1 shows that every supernova in the 10-pc-resolution simulation with the 5-kpc initial scale-length explodes in a cell with a density below the critical density at which a supernova remnant would cool before expanding to be the size of a single cell in the simulation. We calculate this critical density by adopting the following value for the radius at which a supernova remnant exits the Sedov phase and enters the pressure-driven snowplough (PDS) phase We take the energy of the supernova in units of 10 51 erg to be E 51 = 1, and set the mass fraction of elements heavier than helium to a value appropriate for the Sun, Z = Z ⊙ = 0.02. In our initial conditions, the disk component has Z/Z ⊙ = 0.1 and the halo has Z/Z ⊙ = 0.01, but for the purposes of calculating the critical density we use a higher value because supernovae produce enough metals that locally Z may be substantially higher than its initial value. By setting R PDS to the size of a single cell in the simulation, we can solve for the value of n H (the number density of hydrogen atoms in units of cm ) at which the PDS phase would be marginally resolved. By resolving this crucial piece of physics in these galaxies, we find that our results are relatively insensitive to the resolution at which we run the simulations. We compare the depletion time for each physical scenario, run at 10-pc, 5-pc and 2.5-pc resolution, in Extended Data Fig. 3 , and we find that the results of the simulations tend to become independent of resolution after roughly 100 Myr of evolution. This is less clear for the runs that include supernovae, for which the 2.5-pc simulations have not advanced as far as their lower-resolution counterparts; but even here there is reasonable agreement between the 10-pc and 5-pc runs. Photoelectric heating. Far-ultraviolet (FUV) photons from young stars liberate electrons from dust grains in the interstellar medium. This is the primary means by which the neutral atomic gas in the interstellar medium is heated in the Milky Way. To include it in our simulation, we assume the following proportionality:
The heating rate Φ from FUV photons is proportional to their flux F FUV , and the density of metals Zn H . At low densities and high temperatures, there is an additional dependence on the electron density and gas temperature, but these effects are negligible in the cold, dense gas where FUV heating is important for suppression of star formation, so we omit that effect. We also do not include cosmic ray heating, because this is roughly an order of magnitude less important than FUV heating under the optically thin conditions that prevail in the low density, dust poor galaxies we are simulating.
